In climate change projections, inter-model differences in cloud feedback have been identified as the largest source of uncertainty. The source terms of the cloud condensate tendency equation (CCTD) are expected to be useful diagnostics to better understand the different cloud responses to a CO 2 increase in GCMs. To demonstrate the idea, analysis of the CCTD response to CO 2 doubling is presented using two versions of 
Introduction

Model and experimental design a. Model
The model used in the present study is the CCSR/NIES/FRCGC AGCM5.7 (K-1 model developers, 2004) , which is the atmospheric component of the MIROC3.2 'medres' version used in IPCC's fourth assessment report (AR4). The model resolution is T42 with 20 vertical sigma layers. The non-convective cloud distribution is calculated using a parameterization based on Le Treut and Li (1991) , in which the cloud condensate content is calculated by solving a mass budget equation. Processes considered in the mass budget are condensation, precipitation, ice cloud sedimentation and evaporation of both cloud water and rain droplets. Condensation is treated by a statistical method assuming a uniform or 'top-hat' probability distribution of the total water content on a sub-grid scale. Condensed cloud water is then partitioned into the liquid phase and solid phase according to the local air temperature so that different precipitation rates can be applied to each cloud phase. Liquid precipitation is parameterized based on the method by Berry (1967) 
where P is the precipitation rate, is the cloud liquid water content, L l ρ is the air density, is the cloud droplet number concentration, and is the precipitation flux from the layer above. Senior and Mitchell (1993) . Ice precipitation is represented following Sundqvist (1978) : 
, where l is the cloud condensate content, is the critical cloud condensate content for rapid snow formation, C is the cloud amount, is the cloud ice content, and is a constant. Sedimentation of ice cloud particles is based on the empirical formula of Heymsfield (1977) as follows: 
, where is the thickness of the model layer and and z Δ 0 V δ are constants. Nonconvective clouds in the MIROC are also affected by grid scale advection, mixing due to cumulus convection, and dry convective adjustment.
The cumulus parameterization used in this study is based on Arakawa and Schubert (1974) with several simplifications described by Numaguti et al. (1997) . The cloud condensate and cloud amount of convective clouds are derived from the cloud base mass flux calculated in the convection scheme, although the condensate content is generally smaller than that of non-convective clouds by one order of magnitude. Anvil clouds are treated as non-convective clouds in the MIROC.
b. HS and LS versions
The two model versions, HS and LS, are different in three respects (Table 1) . Firstly, the temperature range at which the mixed phase cloud exists is different. The mass ratio of liquid cloud water to cloud condensate is specified by an empirical function of the local air temperature as shown in Figure 1 . In the HS version, the mixed phase cloud exists between -25˚C and -5˚C (dashed line), while in the LS version, it exists between -15˚C and 0˚C (solid line). These two functions are within the range of uncertainty as suggested by field and satellite observations (Mitchell et al. 1989 , Gregory and Morris 1996 , Del Genio et al. 1996 , Doutriaux-Boucher and Quaas 2004 .
Secondly, the treatment of fallen cloud ice is different. The ice sedimentation, represented by equation (3), causes cloud ice to fall from the upper layers to lower layers at each time step. In the HS version, the fallen cloud ice is diagnosed as liquid clouds suspended in the air between the temperature range of -25˚C and -5˚C, while in the LS version, all the melted cloud particles are classified as rain which falls to the ground in one time step. In addition, falling cloud ice remains in the solid phase until it reaches the melting point (0˚C) in the LS version, which allows cloud ice to exist in the warmer region in the LS version than the HS version.
Thirdly, the specified parameter values related to the precipitation efficiency are different. Since the ice sedimentation process is more effective in the LS than the HS version, precipitation is made more efficient in the HS than the LS version to balance the radiation budget at the top of the atmosphere in both versions. The parameters α in equation (1) there is a marked difference between the two, as shown in Figure 3 . We can see that cloud ice exists in lower latitudes/altitudes in the LS than in the HS version, which can be explained by the difference in the mixed phase cloud temperature range and in the treatment of fallen cloud ice. This difference in cloud ice distribution is related to the cloud condensate response to the CO 2 increase, which will be described in Section 3. We should note here that the climate sensitivity of 4.1˚C (LS version) is higher than most other climate models in IPCC's AR4. The higher sensitivity of LS is mainly attributed to the more positive cloud feedback, which is related to the larger reduction in low level cloud and shortwave cloud radiative forcing (Webb et al. 2006) . The response of the marine boundary layer cloud is shown to be a major factor contributing to the inter-model variance, as noted in the Introduction.
d. Additional experiments (MS1 and MS2 versions)
In order to identify factors contributing to the difference in climate sensitivity between the HS and LS versions, the control and 2 × CO 2 experiments (including the calibration run to obtain Q-flux) are repeated with two additional settings, MS1 and MS2 (Table 1 ).
The only difference between the HS, MS1, MS2, and LS versions lies in the cloud microphysical assumptions described in subsection 2b. Hence, we can attribute the difference in ΔT2x between the four versions to (i) the temperature range for mixed phase clouds, (ii) the melted cloud ice treatment, and (iii) parameter adjustment, the contributions of which are 1.2˚C, 1.1˚C, and -0.2˚C, respectively (Table 1) . To explain the difference between the HS and LS versions, therefore, we may focus on the impact of (i) and (ii) by referring to the results of the HS, MS2, and LS versions. The HS version is taken to be equivalent to MS1 because the cloud response, as well as climate sensitivity, of the MS1 version is similar to that of the HS version.
Results
The response of MIROC3.2 to CO 2 doubling is characterized by the large difference in cloud feedback between the HS, MS2, and LS versions. We should note that the cloud feedback shown here may be affected by changes in factors other than clouds, such as sea ice ('cloud masking effect', Soden et al. 2004 ).
However, the sea ice distribution is restricted to high latitudes during DJF, and the difference in cloud feedback can be seen outside the range of the sea ice extent, indicating the importance of cloud response. when Qc increases in response to CO 2 doubling, which is due to some source terms on the RHS becoming larger (or sink terms becoming smaller) compared to the equilibrium state. The terms making a positive contribution to the Qc tendency are thus regarded as 'driving' the cloud response. In this way, we may be able to identify key processes which lead to the difference in cloud responses between the HS, MS2, and LS versions.
The terms on the RHS of equation (2) are hereafter referred to as the cloud condensate tendency diagnostics (CCTD).
To demonstrate the idea, we first focus on the shaded region in Figure Figure   6 (a-c) for CCTD(b), the ice sedimentation term. Note that the negative correlation is eliminated by assigning zero values in the figures because we are concerned with the processes driving the cloud response. Furthermore, the sign of the coefficients are switched to negative when the cloud responses are negative so that we can distinguish between the region in which the cloud condensate decreases and that in which the cloud condensate increases.
Figures 6(a-c) illustrate the two layered pattern of the ice sedimentation influence on the cloud condensate; the increase is driven above and the decrease is driven below. The difference between the three versions can be seen in the latitudinal extent of the pattern.
The negative values in the HS version extends to the high latitudes as far as 65°S while they are restricted to lower latitudes as far as 50°S in the MS2 and LS versions, leading to the opposite roles of the ice sedimentation process in the shaded region, which is consistent with the equilibrium response ( Figure 5 ).
The different spatial patterns of the ice sedimentation influence as shown in Figure 6 could be related to the difference in the control cloud ice distribution (Figure 3 ). This idea is described in more detail using a conceptual model in Figure 7 It is also shown in Figure 8 that the vertical profiles of the cloud ice response (thick curves) closely follow those of the control cloud ice distribution (thin curves) in the lower troposphere. If the maximum of the control cloud ice is located near the surface as in the LS version (dotted curve), the maximum of the ice reduction will also be located near the surface because more ice is susceptible to melting near the surface, which makes the vertical gradient of the cloud ice reduction positive except very near the surface. If the maximum of the control cloud ice is located well above the surface as in the HS version (solid curve), the vertical gradient of the ice reduction will be negative near the surface because all the ice melts away. Therefore, it is suggested that the vertical profile of the control cloud ice content is one of the key elements to understand the different responses in ice sedimentation and cloud condensate between the HS, MS2, and LS versions. As noted in section 2, the difference in the control cloud ice distribution is attributed to the model settings related to the nonconvective cloud parameterization. The cloud ice increase in the MS2 version relative to the HS version (thin curves in Figure 8 ) is related to the treatment of fallen cloud ice which permits the ice to remain in the solid phase until it reaches 0°C. Further increase in cloud ice in the LS version relative to the MS2 version is due to the temperature range for the mixed phase cloud in which more condensate is diagnosed as ice cloud.
The obtained results also imply that evaluating the vertical cloud ice profile through observation can potentially constrain the simulated cloud phase feedback, at least in the present versions of MIROC3.2. The observed profile of cloud ice content is becoming available from the spaceborne radar/lidar instruments in the CloudSat and CALIPSO missions (Stephens et al. 2002 , Mace et al. 2007 ). The model clouds may also be evaluated using the ground-based measurements as conducted in the Cloudnet project (Illingworth et al. 2007 ) and the Atmospheric Radiation Measurement (ARM) programme (e.g. Xie et al. 2005) . Together with the CloudSat and CALIPSO simulator to support the comparison of satellite data with the model output (Bodas-Salcedo 2007), these observations are expected to result in better understanding and evaluation of cloud feedback.
Summary and discussion
The source terms of the cloud condensate tendency equation (CCTD) are expected to be useful diagnostics to better understand the cloud response to a CO 2 increase in GCMs.
To demonstrate this idea, analysis of the CCTD response to CO 2 doubling is presented One remaining problem is that the definition of the CCTD is dependent on the structure of cloud parameterization. Hence, a comparison between GCMs with different cloud parameterization may not be as straightforward as in this study. However, the preliminary results of the CCTD inter-comparison between MIROC3.2 and the Hadley Centre GCM (HadGEM1) appear to be promising, giving some insight into the difference in the mixed phase cloud feedback, which are to be presented in a separate paper.
Another problem is that only limited information is available on the factors controlling the condensation, evaporation, and precipitation term, CCTD(a). Since this term plays a dominant role in low latitudes, it is desirable that the definition of CCTD(a) is updated so that its variation can be explained by the contribution from various factors such as radiation and boundary layer mixing.
Despite the difficulty and limitations as noted above, we still argue that the tendency diagnostics have the potential to complement other feedback analysis techniques (e.g. Taylor et al. 2007 , Yokohata et al. 2005 , Boer and Yu 2003 and help to understand the source of uncertainty in cloud feedback. It is hoped that the model inter-comparison will be extended to a wider range of GCMs. A collaboration with other modelling groups in the framework of the Cloud Feedback Model Intercomparison Project (CFMIP) is being prepared and will be the theme of the future study.
In the present study, it is also suggested that the cloud response to a CO 2 increase is sensitive to the vertical profile of the control cloud ice content. This result is consistent with Li and Le Treut (1992) and Senior and Mitchell (1993) , who demonstrated the dependence of the cloud response on the cloud phase diagnosis and ice fall velocity. Table   Table 1 Comparison 
